The Hippo pathway is an evolutionarily conserved signaling module that plays multiple roles in embryonic development. Components of the pathway, which includes a kinase cascade and a downstream complex composed of YAP and TEAD transcription factors, are dysregulated in a significant fraction of human cancers. In this issue of Genes & Development, Liu-Chittenden and colleagues (pp. 1300-1305) use genetic and pharmacological means to disrupt the active YAP-TEAD complex. As this intervention impedes tumorigenesis in the liver with no apparent effect on normal liver homeostasis, the work paves the way for the development of new strategies to target this pervasive oncogenic pathway.
For much of the 20th century, treating cancer meant taking a broad swipe at tumors. By using ''conventional chemotherapy''-an arsenal that includes radiation, alkylating agents, and anti-metabolites-oncologists were able to achieve numerous remissions and even some cures. But these clinical responses came at a significant cost, since conventional modalities act promiscuously to kill rapidly dividing cells-lack of specificity that results in damage to tissues with a high rate of turnover, particularly the intestines, skin, and blood. Hence, the side effects from chemotherapy and radiation-toxicities that limit the tolerated dose and cause complications (infection, cytopenias, and organ failure) that can be as lethal as the cancer itself-have limited the effectiveness of these approaches.
Over time, it became clear that some tumors exhibit intrinsic sensitivities to certain agents, allowing them to be attacked with greater precision than the ''carpetbombing'' approach of traditional therapies. For example, acute promyelocytic leukemia (APML), in which the use of all-trans retinoic acid induced a similarly high rate of remission by driving tumor cells to differentiate. In both of these tumor types, durable clinical responses with conventional chemotherapy alone had been quite rare. Such opportune observations in the 1970s and 1980s fueled an intensive effort to achieve a similar degree of specificity for other cancers. The goal was to develop drugs that would exploit unique biological properties of a tumor that made it selectively sensitive to modulation of a particular pathway or molecule. Ideally, the targets of these new therapies would have minimal roles in the homeostasis of normal tissues but would be essential for the survival and/or growth of cancer cells.
One of the first proof-of-principle experiments came from mouse models of breast cancer, in which treatment of tumor-bearing animals with a ''designer'' monoclonal antibody directed against the Her2/neu oncogene, a prototype for trastuzumab, was able to inhibit the growth of neu-transformed cancer cells (Drebin et al. 1986 ). Subsequently, a series of small molecule inhibitors and antibody antagonists directed against specific molecules has been generated. The molecular targets of this class of agents-which includes imatinib, erlotinib, bevacizamab, and rituximab-are largely known, and their dramatic efficacy in selected patient populations has brought us into the age of ''targeted therapy'' (http://www.cancer.gov/ cancertopics/factsheet/Therapy/targeted). Despite these impressive advances, however, the current array of targeted therapies has had a somewhat limited spectrum of efficacy, working only in those diseases where the target plays a critical nonredundant role. Hence, the next step in the evolution of targeted therapies would be the identification of pathways or molecules that are required for tumor growth in a wide variety of cancers, but whose role in normal tissues is minimal-a kind of ''magic bullet'' for anti-tumor therapy.
The mammalian Hippo-YAP pathway
Whether such global yet selective targets exist remains an open question, but an excellent candidate for such a magic bullet is the Hippo pathway, a newly delineated signaling module that drives cell proliferation and survival in a large fraction of tumors and yet seems to play a minimal role in adult tissue homeostasis. Components of the pathway were initially revealed through genetic screens in Drosophila for mutations that caused clonal overgrowth (Justice et al. 1995; Xu et al. 1995) , and a series of biochemical and genetic studies over the ensuing decade revealed a pathway whose components are highly conserved between flies and mammals (for review, see Pan 2010; Zhao et al. 2010a ). The pathway is named after the Ste20-like protein kinase Hippo (Hpo), a central component of a regulatory kinase cascade. In mammals, the pathway is stimulated by the FERM domain-containing tumor suppressor NF2/Merlin, resulting in the sequential activation of two pairs of kinases: Mst1/2 (the mammalian orthologs of Hippo) and Lats1/2 (the mammalian orthologs of the Drosophila Warts kinase). The activity of these core kinases is further modulated by a number of other conserved proteins, including RASSF (Ras association domain family), Mob1, and Sav1. Ultimately, this regulated kinase cascade controls the transcriptional activity of a conserved nuclear complex composed of members of the TEAD family of DNA-binding proteins and the YAP transcriptional activator (Fig. 1) . In contrast, the elements that lie upstream of NF2/Merlin-connecting extracellular inputs to the Hippo kinase cascade-do not exhibit strong functional conservation and have not been well characterized in mammals.
The Hippo pathway has many important roles in metazoan development, where it regulates not only growth, but also cell fate decisions and cell polarity (Halder and Johnson 2011) , and the biochemical activities of pathway components seem also to be well conserved. Lats1/2 modulate YAP activity by phosphorylating it and directly regulating its cellular localization and stability. In the phosphorylated state (pathway ON), YAP is ubiquitinated and degraded (Zhao et al. 2010b) or is bound by 14-3-3 proteins, which sequester it in the cytoplasm (Zhao et al. 2007; Lei et al. 2008) . In its unphosphorylated state (pathway OFF), YAP is free to migrate into the nucleus, where it binds to one of four TEAD transcription factors (TEAD1-4) (Sawada et al. 2008) . TEAD proteins have limited transcriptional activity on their own, but in the presence of YAP, the complex becomes transcriptionally active, inducing transcription of several genes that are important in cell proliferation and survival. TAZ, a YAP homolog, is regulated through similar mechanisms and exhibits functional redundancy with YAP.
Based on the initial strategy used to identify pathway components (tumor formation in flies), one might have predicted that pathway orthologs play a role in mammalian tumorigenesis-and indeed, examples of such a role are abundant (Fig. 1) . The best described of these is NF2/ Merlin, a bona fide tumor suppressor gene whose loss is responsible for neurofibromatosis, an autosomal dominant condition characterized by a wide spectrum of intracranial and spinal cord tumors (Asthagiri et al. 2009 ). Aside from NF2/Merlin, mutations and deletions in upstream Hippo pathway components are rare. Thus, tumors use other mechanisms for down-regulation of upstream regulatory components-the Mst1/2 and Lats1/2 kinases and their regulators, RASSF, WW45, and Mob1-to activate the YAP/TAZ-TEAD transcription complex, including gene hypermethylation and microRNA silencing. Although loss of these genes does not occur with high frequency in human tumors, murine gene targeting studies have confirmed that Mst1/2, Lats1/2, and WW45 act as tumor suppressor genes in vivo (for review, see Pan 2010; Zhao et al. 2010a ). YAP itself functions as an oncogene in vitro and in vivo (Overholtzer et al. 2006; Camargo et al. 2007; Dong et al. 2007 ) and is frequently amplified in a variety of human tumors (Baldwin et al. 2005; Snijders et al. 2005; Modena et al. 2006; Fernandez et al. 2009 ). In addition, YAP amplification has been found in breast cancer and hepatocellular carcinomas, where it is part of a chromosome 11q22 amplicon (Overholtzer et al. 2006; Zender et al. 2006) . Similarly, high levels of TAZ expression have been reported in breast cancers (Chan et al. 2008) , and both TEAD1 and TEAD4 have been reported Figure 1 . The mammalian Hippo pathway and cancer. A simplified view of the mammalian Hippo pathway reveals two sets of core kinases-Mst1/2 and Lats1/2-whose activity is modulated by the NF2/Merlin tumor suppressor, members of the Ras association domain family (RASSF), WW45/Sav1, and Mob1. When the pathway is ''active,'' phosphorylation of the YAP or TAZ transcriptional coactivators by Lats1/2 results in degradation and/or cytoplasmic sequestration, while pathway ''inactivation'' allows unphosphorylated YAP/TAZ to enter the nucleus and bind one of four TEAD family members, resulting in context-dependent transcriptional output. In a variety of human (uppercase) and mouse (lowercase) cancers, upstream components of the pathway are down-regulated through frank deletion (NF2) or epigenetic mechanisms (decreased expression shown in blue). YAP, TAZ, and TEAD are up-regulated in a variety of human tumors (increased expression shown in red) by mechanisms that include gene amplification and silencing of upstream components of the pathway. The porphyrin molecule verteporfin (VP) disrupts the formation of the YAP-TEAD complex by binding to YAP and changing its conformation, thereby blocking the transcription of downstream targets.
to be amplified and/or up-regulated in a variety of cancers (for review, see Chan et al. 2010) . Hence, a variety of mechanisms-gene amplification as well as down-regulation of upstream negative regulators-contribute to high levels of YAP, TAZ, and TEAD transcription factors in a wide spectrum of human tumors.
Targeting the pathway
The widespread involvement of the Hippo pathway in human cancer suggested early on that this pathway might be an attractive target for therapy. However, the fact that most parts of the pathway serve as negative regulators of the pathway's transcriptional output created a conceptual problem, since inhibitors of these components should result in YAP activation and hence promote cell proliferation. Against this backdrop, Liu-Chittenden et al. (2012) set out to address a number of key questions related to the tumorigenic activity of the Hippo pathway, which they now report in this issue of Genes & Development. First, does the YAP/TAZ-TEAD transcription factor complex serve as the major (rate-limiting) conduit for the growthpromoting signals caused by loss of upstream components of the pathway, such as NF2/Merlin? Second, would it be possible to identify small molecules that can disrupt the formation of the TEAD-YAP complex in the nucleus? And finally, what are the consequences to normal tissue function of disrupting such a widely used pathway?
The investigators began by creating a dominant-negative version of TEAD2 in which the DNA-binding domain has been deleted, but YAP-TAZ binding is preserved (TEAD-DN). TEAD-DN was able to block YAP-mediated transcription in vitro as well as YAP's ability to promote anchorage-independent growth in soft agar. Then, to test the activity of their dominant-negative inhibitor in vivo, Liu-Chittenden et al. (2012) used an existing mouse model in which YAP overexpression could be induced in the liver in a doxycycline (Dox)-regulatable fashion; such YAPoverexpressing animals develop hepatomegaly after several weeks of Dox treatment and develop hepatocellular carcinoma (HCC) after 2 mo of Dox (Dong et al. 2007 ). In compound YAP/TEAD-DN mice, the investigators found that both the hepatomegaly phenotype and HCC formation were completely abrogated, indicating that the effects of YAP overexpression could be overcome by introducing an inhibitor that blocks the YAP-TEAD complex from binding DNA. To confirm that TEAD-DN could also inhibit YAP overexpression resulting from inactivation of an upstream component of the Hippo pathway, LiuChittenden et al. (2012) bred the genetic inhibitor to mice with a liver-specific deletion of NF2/Merlin, which also develop liver tumors . Again, TEAD-DN prevented liver overgrowth and tumor formation.
Having concluded that disruption of the YAP-TEAD complex with a competitor protein could impede YAP's transforming activity, Liu-Chittenden et al. (2012) used a human embryonic kidney (HEK293) luciferase-based assay to screen a small molecule library for compounds that could inhibit YAP's transcriptional activity. Out of 71 hits that were able to inhibit YAP-mediated transcription at micromolar concentrations, they found three compounds (protoporphyrin IX, hematoporphyrin, and verteporfin [VP] ) that had also been identified in a Drosophila interaction screen and were all members of the porphyrin family. As VP is already in clinical use (it is a photosensitizer used in photodynamic therapy for macular degeneration) (Michels and Schmidt-Erfurth 2001) , the investigators focused their attention on this molecule, showing that VP inhibits the interaction between YAP and TEAD in coimmunoprecipitation experiments and that VP binds to purified YAP protein (but not TEAD2) in vitro. Proteolytic profiling experiments suggested that binding of VP to YAP changes YAP's conformation, rendering it incapable of binding to TEAD. Finally, the investigators used the two paradigms of liver overgrowth described earlier-YAP overexpression and NF2/Merlin deletion-to test the efficacy of VP in vivo; in both cases, administration of 100 mg/kg VP to mice over a period of 8 d blocked the effects of pathway activation (overgrowth in the case of YAP overexpression, and biliary expansion in the case of NF2/Merlin deletion).
Limitations and future considerations
An important question for any tumor therapy, particularly one that targets a pathway as broadly active as the Hippo pathway, is the effect on normal tissues. In their study, Liu-Chittenden et al. (2012) provide some reassurance that inhibiting the pathway may be well tolerated, as overexpression of TEAD-DN in the liver had no effect on liver size, histology, or the expression of YAP target genes under normal (nononcogenic conditions). Moreover, a prior study by the same group, in which YAP was deleted in the intestine (using a conditional gene targeting approach), resulted in no overt effects on intestinal homeostasis , in contrast to the dramatic effects following YAP overexpression in the intestine (Camargo et al. 2007 ). However, the aforementioned measures of tissue ''normalcy'' remain fairly superficial and confined to a limited number of tissues; hence, a more extensive and robust investigation of the physiological roles played by the Hippo pathway has yet to be undertaken. Because the transcriptionally active mediators of the Hippo pathway consist of four DNA-binding proteins (TEAD1-4) and two coactivators (YAP and TAZ), it is possible that additional precision can be conferred by strategies that target specific combinations of interactions.
Another open question is whether disrupting the YAP/ TAZ-TEAD complex will be efficacious in the treatment of an established tumor. The studies performed by LiuChittenden et al. (2012) represent preventative trials in which the anti-tumor effects of the TEAD-DN or VP are exerted during early stages of tumor progression. It will be important to determine whether this compound and the more refined derivatives that are certain to follow have anti-tumor activity in the setting of an established tumor.
Although it is still in its early days, the work of LiuChittenden et al. (2012) is an important advance not only because it suggests a means of targeting the Hippo pathway, potentially for use in cancer therapy, but also because it is one of a limited number of studies indicating the viability of pharmacological approaches that target transcriptionally active complexes. For example, small molecules have been described that inhibit the formation of a complex between the Menin adaptor protein and fusion proteins containing the MLL histone methyltransferase, reversing the oncogenic activity of that complex (Grembecka et al. 2012) . Similarly, small molecules that inhibit the ability of the bromodomain-containing protein Brd4 to bind to acetylated histones have broad activity against a number of leukemia cell lines (Zuber et al. 2011 ). Hence, we may be seeing the beginnings of a whole new arsenal of anti-tumor drugs: those that interfere with the formation of complexes that regulate the transcriptional output of a growth regulatory pathway, instead of solely inhibiting upstream enzymatic activities or ligand-receptor interactions.
Conclusion
When it comes to treating cancer, specificity is the name of the game. The newly identified Hippo pathway is activated in a wide variety of tumors, where it acts to promote cell proliferation and survival through the transcriptional activity of YAP-TEAD. Because the pathway is composed largely of negative regulators-kinases that inhibit the activity of YAP-it has been difficult to target, but Liu-Chittenden et al. (2012) have succeeded in developing genetic and pharmacological inhibitors by targeting the pathway's most downstream components: the YAP-TEAD complex itself. It remains to be seen whether pathway inhibition has efficacy in the treatment of established tumors and whether the agents that inhibit this pathway spare the function of normal tissues-the ''holy grail'' of targeted therapy.
